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ABSTRACT
We investigate the chemical enrichment of r-process elements in the early evolutionary stages of the
Milky Way halo within the framework of hierarchical galaxy formation using a semi-analytic merger
tree. In this paper, we focus on heavy r-process elements, Ba and Eu, of extremely metal-poor (EMP)
stars and give constraints on their astronomical sites. Our models take into account changes of the
surface abundances of EMP stars by the accretion of interstellar matter (ISM). We also consider
metal-enrichment of intergalactic medium (IGM) by galactic winds and the resultant pre-enrichment
of proto-galaxies. The trend and scatter of the observed r-process abundances are well reproduced
by our hierarchical model with ∼ 10% of core-collapse supernovae in low-mass end (∼ 10M⊙) as a
dominant r-process source and the star formation efficiency of ∼ 10−10yr−1. For neutron star mergers
as an r-process source, their coalescence timescale has to be ∼ 107yrs, and the event rates ∼ 100 times
larger than currently observed in the Galaxy. We find that the accretion of ISM is a dominant source
of r-process elements for stars with [Ba/H] < −3.5. In this model, a majority of stars at [Fe/H] < −3
are formed without r-process elements but their surfaces are polluted by the ISM accretion. The pre-
enrichment affects ∼ 4% of proto-galaxies, and yet, is surpassed by the ISM accretion in the surface
of EMP stars.
Subject headings: stars: abundances - stars: Population II - Galaxy: formation - Galaxy: evolution -
Galaxy: halo - Galaxy: abundances - galaxies: formation - early universe - nuclear
reactions, nucleosynthesis, abundances - cosmology: theory
1. INTRODUCTION
Extremely metal-poor (EMP) stars in the Galactic
halo are the promising probes to reveal the early stages of
the Galaxy formation since they are the very early gen-
erations of stars in terms of chemical evolution. In the
cold dark matter (CDM) paradigm, galaxies are formed
through mergers of proto-galaxies. The first generation
of stars are thought to be born in mini-halos of total
mass Mh ∼ 106M⊙ (e.g. Tegmark et al. 1997; Yoshida
et al. 2003). EMP stars are also thought to be formed
in small forming galaxies. We formulate a chemical evo-
lution model in the framework of the hierarchical galaxy
formation in order to investigate the metal enrichment
history of the early Milky Way and origin of the elemen-
tal abundances of EMP stars.
In this paper, we refer to stars with [Fe/H] . −2.5 as
EMP stars. As shown in our previous study (Komiya
et al. 2010, hereafter Paper I), EMP stars have observa-
tional and theoretical peculiarities that distinguish them
from more metal-rich Population II stars (see Section 2.1
of Paper I, for details). Especially, it is argued that the
initial mass function (IMF) of EMP stars is different from
more metal-rich stars and peaks around 10M⊙(Komiya
et al. 2007, 2009a). A transition to the present-day IMF
is thought to occur around [Fe/H] ≃ −2 (Suda et al.
2011, 2013; Yamada et al. 2013). We refer to the mother
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stellar population with [Fe/H] . −2.5 including mas-
sive stars as EMP population and low mass survivors
with nuclear burning now as EMP survivors, respec-
tively. More metal-deficient objects with [Fe/H] < −4
and [Fe/H] < −5 are referred to as ultra metal-poor
(UMP) stars and hyper metal-poor (HMP) stars, respec-
tively. Only 7 UMP/HMP stars have been identified to
date.
It is known that abundances of heavy elements be-
yond the iron peak, such as Sr, Ba, and Eu, show
large scatters with ∼ 2 dex or more at [Fe/H] . −2.5
(e.g. McWilliam et al. 1995; Honda et al. 2004). Es-
pecially, stars with large enhancements of r-process ele-
ments with [Eu/Fe] > +1 are observed and referred to as
r-II stars. These heavy elements are synthesized by the
slow or rapid neutron capture processes; the s-process or
r-process. The contribution of the s-process is thought
to be negligible for EMP stars, however, since EMP
stars have been formed before the first intermediate-mass
stars, which are main s-process sites, end their lives.
In fact, the observed Ba/Eu ratios for EMP survivors
are consistent with the pure r-process ratio (McWilliam
1998; Burris et al. 2000). Accordingly, the r-process is
the dominant source of these heavy elements for EMP
survivors except for those born as the members of bina-
ries with intermediate-massive stars as primary stars and
enhanced with carbon and s-process elements through
the mass transfer. In this paper, we focus on EMP stars
without the carbon enhancement and regard Ba as r-
process elements in addition to Eu. For the heavier r-
process elements (Z ≥ 56, such as Ba, Eu), the abun-
dance pattern observed for these EMP survivors matches
the scaled-solar r-process pattern (e.g. Franc¸ois et al.
2007). For the lighter neutron-capture elements (Z < 56,
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such as Sr, Y, Zr), on the other hand, the enhancement
relative to the heavier elements is observed for some EMP
survivors (Johnson & Bolte 2002). This may indicate
that there are two (or more) r-process sources (Travaglio
et al. 2004). Aoki et al. (2013) tried to reproduce the ob-
served abundance scatter of [Sr/Ba] using chemical evo-
lution models with the r-process yields they proposed
(Boyd et al. 2012). In this paper, we investigate only Ba
and Eu as representative of heavier r-process elements.
The lighter r-process elements will be investigated in the
forthcoming paper.
The astronomical origin of the r-process elements is a
long-standing mystery. Some probable sites have been
suggested in association with supernova (SN) explosion.
Mathews & Cowan (1990) argued low-mass type II SNe
from the delayed production ofEu with relative to iron
in EMP stars, and Wheeler et al. (1998) argued the
electron-capture SNe (ECSNe) of stars with O-Ne-Mg
cores as a promising r-process site. A nucleosynthetic
study by Wanajo et al. (2003) showed that an ECSN
yields a large amount of r-process elements when artifi-
cial large explosion energy is assumed. Another possi-
ble site is neutrino-driven wind from proto neutron-stars
(NSs) at the explosion of stars with > 20M⊙ (Woosley
& Hoffman 1992). However, recent studies indicated
the neutrino wind to be proton-rich for many seconds
and heavier r-process elements are not synthesized (see
Thielemann et al. 2011, for a review).
The coalescence of NS binary is also argued as a
promising site of the r-process (e.g. Rosswog et al. 1999).
The r-process nucleosynthesis in the tidally stripped ma-
terial is shown to produce a nearly solar abundance pat-
tern above mass number 130 (Bauswein et al. 2013).
Recent computations of nucleosynthesis in the neutrino-
driven wind from the accretion disc around a black hole,
formed as a remnant of binary NS merger succeed in
representing a solar r-process abundance pattern (e.g.
Wanajo & Janka 2012).
For all these theoretical models of r-process nucleosyn-
thesis, there are still large uncertainties. R-process el-
ement yields are sensitive to an electron fraction at an
r-process site and a thermal history of the ejected mat-
ter. Since the explosion mechanisms of core-collapse SNe
(CCSNe) have not yet been revealed, theoretical models
for nucleosynthesis at the explosion also suffer large un-
certainty. Additionally, the r-process yields are also to
depend on the three-dimensional mixing process and the
neutrino transport during explosions (Wanajo et al. 2011;
Arcones & Janka 2011), which are not well understood.
Therefore, it is important to derive constraints for the
astronomical origin of r-process elements from the view-
point of chemical evolution.
Using one-zone chemical evolution models, it have been
attempted to estimate the mass range of the r-process
sites in massive stars that can better reproduce the trend
of observed data (e.g. Mathews et al. 1992; Travaglio et
al. 1999; Cescutti et al. 2006). These studies suggest
that both Eu and Ba in EMP survivors originate mainly
from low mass CCSNe. Some authors investigate the
abundance scatter of r-process elements taking into ac-
count that SN ejecta is not well mixed into the interstel-
lar matter (ISM). Ishimaru & Wanajo (1999) calculated
the evolution of ISM in the Galactic halo with a one-
zone model assuming that a formed star has the mass
averaged chemical composition of the ejecta of a SN that
triggers the star formation and the “snowplowed” ISM,
swept up by its remnant. Tsujimoto & Shigeyama (1999)
investigated the enrichment of Eu in the Galactic halo as-
suming a SN-triggered star formation scenario. Travaglio
et al. (2001) represented the halo gas by an ensemble of
clouds of different chemical composition uniform in each
of them but different from each other, and assume that
the clouds coalesce randomly and fragment by starbursts.
Fields et al. (2002) gave a simple analytic expression for
the abundance scatter versus [Fe/H]. Argast et al. (2004)
presented an inhomogeneous chemical enrichment study
and compared the scenario that considers neutron star
merger as a major r-process source to that in which CC-
SNe act as a dominant r-process site. They ruled out
the NS merger scenario since it leads to too low [r/Fe] at
[Fe/H] < −3 and to too large scatter at all the metallicity
range. Cescutti (2008) developed a stochastic chemical
evolution model in which the halo consists of 100 inde-
pendent regions. They argue that the production for
r-process elements extends to the range between 12 and
30M⊙.
All these previous studies predict a considerable scat-
ter of neutron capture elements. And yet, they did not
consider the galaxy formation process in context of the
concordance cosmology. We consider the merging his-
tory of mini-halos based on the ΛCDM cosmology, and
a proto-galaxy in each mini-halo evolves independently
along the merger tree in our model. In Paper I, we build
a merger tree based on the extended Press-Schechter the-
ory, and demonstrated that our hierarchical model can
reproduce the metallicity distribution of the halo stars.
The enrichment of α-elements and iron group elements
were investigated in Komiya (2011, hereafter Paper II).
In this paper, we compute the enrichment history of r-
process elements by updating our hierarchical chemical
evolution model.
One of novelties of this study is that we consider the
change of surface abundance of EMP survivors by the ac-
cretion of ISM in the hierarchical model. We follow the
accretion of ISM and changes in the surface abundances
along with the chemical and dynamical evolution of the
Galaxy. We present the predicted distributions both of
the intrinsic abundances, [X/Fe]i, and the surface abun-
dances, [X/Fe]s, of EMP survivors. To evaluate the effect
of ISM accretion, we have to take into account not only
chemical evolution but also growth history of halo mass
since the ISM accretion rate is strongly dependent on the
velocity of stars.
In addition, unlike the previous studies, we explicitly
take into account EMP stars without r-process elements
for completeness. It is thought that there are SNe which
eject iron but not r-process elements. Out of the gas pol-
luted by the ejecta from these SNe, therefore, EMP stars
without r-process elements are formed. We referred to
EMP stars which contain no r-process elements in their
interior ([r/H]i = −∞) as no-r EMP stars and consider
them in this paper, although they are neglected in most
of the previous inhomogeneous chemical evolution stud-
ies. Their surfaces are polluted by the accretion of ISM
with r-process elements but some EMP survivors remain
with very low r-process abundance in the surface. We re-
fer to EMP stars of the surface abundances of r-process
elements below the detection limit of current observa-
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tions, i.e., with [Ba/H]s < −5.5, as r-deficient EMP stars
in this paper. We estimate the number of no-r EMP stars
and r-deficient EMP stars, and the distribution of their
surface abundance, [r/Fe]s.
Another improvement in this paper is our examina-
tion of gas outflow from proto-galaxies by SNe and pre-
enrichment of intergalactic medium (IGM) by the out-
flow. Outflow from mini-halos is effective due to their
small gravitational potential. We follow inhomogeneous
metal enrichment process of the Galactic IGM along a
merger tree. Metal enrichment of IGM by galactic winds
has been investigated (Aguirre et al. 2001; Bertone et al.
2007), but outflow from mini-halos which is triggered by
individual Pop.III stars in the early universe is not explic-
itly considered in these previous studies. Furthermore,
the effect of pre-enrichment on the elemental abundances
of EMP stars is yet to be investigated. We focus on the
IGM pre-enrichment by early generations of stars includ-
ing Pop III stars, and locate their signature on EMP
stars.
The purpose of this work is twofold. First, we explore
the chemical evolution process of r-process elements us-
ing the new model, based on the concordance ΛCDM
cosmology, and show the diversity of the chemical evolu-
tion of proto-galaxies. Especially, we evaluate the effects
of the ISM accretion on EMP survivors and the IGM
pre-enrichment by the outflow from proto-galaxies. Sec-
ond, we draw constraints on the r-process site(s) from the
comparison of predicted abundance distributions with
observational properties such as the metallicity depen-
dences of mean enrichment and scatter of their abun-
dances, and the frequencies of r-II stars and r-deficient
EMP stars.
In Section 2, we describe our hierarchical chemical evo-
lution model and assumptions. In Section 3, we show the
computation results. The detailed evolution process for
our fiducial model is described in section 3.2 and parame-
ter dependences are shown in Section 3.3. We present the
comparison with observations and give constraints on the
r-process site in Section 4. In Section 5, we discuss the
other scenario with the NS mergers as the r-process site.
Summary and conclusions are presented in Section 6.
2. COMPUTATION METHOD AND ASSUMPTIONS
We study the chemical enrichment of r-process ele-
ments for EMP stars in the Milky Way halo by using a
semi-analytic merger tree constructed within the frame-
work of the ΛCDM cosmology. We refer to the baryonic
component in a (mini-)halo as a proto-galaxy.
Figure 1 is the schematic diagram for the flow of gas
and metal for the proto-galaxies and the IGM. Stars are
formed in the proto-galaxies and the masses of individ-
ual stars are set randomly according to the IMF. Massive
stars explode as SNe and eject metals to the ISM. The ki-
netic energy of SN explosion (and HII region) gives rise to
galactic outflow, and ejects mass and metals from proto-
galaxies. The matter ejected from the proto-galaxies
forms galactic winds, and it expands into and mixed with
the surrounding IGM. alos which collapse later may con-
tain IGM polluted with metals ejected by the galactic
wind and have different initial abundances . The surface
abundances of stars are changed after their birth owing
to the accretion of the ISM polluted with metals. We
describe the details of our models in the following
2.1. Merger Trees
The basic assumptions of our hierarchical chemical evo-
lution model are the same as used in Paper I and Pa-
per II. We build merger trees using the “N -branch trees
with accretion” method of Somerville & Kolatt (1999)
based on the extended Press-Schechter theory (Lacey &
Cole 1993). We use the standard ΛCDM cosmology with
ΩΛ = 0.7,ΩM = 0.3, and Ωb = 0.045. The trees give the
mass accretion rate to each mini-halo M˙h and the merg-
ing history of mini-halos. The total mass of the Milky
Way halo is taken to be MMW = 10
12M⊙ at z = 0. The
mass resolution is determined to give the minimum virial
temperature at Tvir,m = 10
3K.
2.2. The Chemical Evolution of Proto-galaxies
The chemical abundance of ∼ 105 proto-galaxies in the
merger trees are traced in the computation. We set the
initial mass of proto-galaxy to be Mgas = MhΩb/ΩM
and the gas inflow rate to be M˙in = M˙hΩb/ΩM. For
the redshift z < 10, mini-halos with Tvir < 10
4K can-
not accumulate gas, M˙in = 0, due to reionization of the
universe (e.g. Komatsu et al. 2009).
2.2.1. The Star Formation Rate
The star formation starts in the mini-halos with Tvir ≥
103K at the beginning, but is suppressed in mini-halos
formed at z < 20 and Tvir < 10
4K due to the photo-
dissociation of H2 molecules by Lyman-Werner back-
ground radiation (e.g. Ricotti et al. 2002). The star for-
mation rate, ψ, is assumed to be proportional to gas
mass; ψ = ǫ⋆Mgas, where ǫ⋆ is star formation efficiency
(SFE). We may discuss the dependence on the SFE in
Section 3.3.2. In our fiducial model, the SFE turns out
to be ǫ⋆ = 10
−10/yr, similar to the present day SFE of
the Milky Way (e.g., the review by Kennicutt & Evans
2012). Stars are formed discretely and independently in
each proto-galaxy. All the individual metal-poor stars
with Z ≤ 0.1Z⊙ are registered in our computation. For
metal-rich (Z > 0.1Z⊙) proto-galaxies, we register ag-
gregations of low-mass stars and high-mass stars for each
timestep of 3 × 106 yr, instead of individual stars, and
the chemical evolution is computed with the use of the
IMF-averaged yields.
2.2.2. The Initial Mass Function (IMF)
The mass of each metal-poor star is set randomly ac-
cording to the IMF. We adopt a lognormal IMF;
ξ(logm) ∝ exp
[
−{log(m/Mmd)}
2
2×∆2M
]
(1)
which is connected smoothly to a power law distribution
with the same power of the Salpeter IMF for high-mass
end, i.e., ξ ∝ m−1.35. For stars with the metal abundance
of [Z/H] > −6, we set Mmd = 10M⊙ and ∆M = 0.4 ac-
cording to our previous results, which is derived from
the statistics of carbon-enhanced EMP stars (Komiya et
al. 2007, 2009a). In addition, we assume that a half of
stars are born in binary with a lower-mass companion
specified by a flat mass-ratio distribution function. This
high-mass IMF with binary contribution is shown to re-
produce the observed total number of EMP survivors by
Hamburg/ESO survey, in addition to the large fraction
4 Komiya et al.
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Fig. 1.— The schematic diagram of the chemical evolution model for the proto-galaxies and the inter-galactic medium (IGM) surrounding
them. The formation and merging history of proto-galaxies and the infall rate (M˙in) of IGM onto them are described by the merger tree,
build by the extended Press-Schechter method. Stars are formed (ψ) in the proto-galaxies and mass (m) of individual stars are set
randomly following the IMF. Massive stars become SNe and eject metals (YA) to the interstellar matter (ISM). The kinetic energy (Ek) of
SN explosion (and HII region) give rise to galactic outflow, and eject mass (Mw) and metals from proto-galaxies. In our model, the matter
ejected from the proto-galaxies forms galactic winds, and they expand into and mixed with the IGM. The surface abundances of stars are
changed after their formation due to the accretion of ISM. Numbers in the figure show sub-sections that describe the details.
(10 − 25%) of carbon-enhanced stars among EMP sur-
vivors (Komiya et al. 2009a, see also Fig. 2 below). A
low mass IMF such as the standard Salpeter IMF pre-
dicts ∼ 100 times as large total number of EMP sur-
vivors as observed in addition to a small fraction (∼ 1%)
of carbon-enhanced stars. We also present the results us-
ing a low-mass IMF by Chabrier (2003) for the Galactic
spheroid in Section 3.3.3. As long as concerned with r-
process elements, the predicted abundance distributions
result similar for the both IMFs as shown below. Note,
however, that the low-mass IMF demands the star for-
mation efficiency larger by ∼ 5 times to birth the same
number of massive stars and promote the chemical en-
richment in the same time scale. We do not consider the
transition of the IMF in this study
2.2.3. Population III star
In this paper, we regard stars with the metal abun-
dance below [Z/H] = −6 as Population III (Pop. III)
stars since it is argued that the dust cooling enables low-
mass fragmentation and lowers the typical mass of stars
formed above [Z/H] = −6 (Omukai et al. 2005; Schneider
2006). We adopt higher Mmd, i.e., Mmd = 200M⊙ for
the first generation Pop. III.1 stars and Mmd = 40M⊙
for the Pop. III.2 stars formed of the ionized gas (e.g.,
Yoshida et al. 2007). We compute the switchover from
Pop. III.1 to Pop. III.2 stars by a statistical treatment of
the ionization of IGM by massive stars (see Paper I for
details). We adopt the same binary frequency and mass
ratio distribution as EMP stars. A few low-mass Pop. III
survivors are formed mostly as the secondary members of
binaries. The first massive Pop. III star, if formed, pro-
hibits the star formation in its host proto-galaxy until it
explodes as a SN.
2.2.4. The Stellar Yields
The iron yield, YFe, and the explosion energy, ESN,
of iron core collapsed SN (FeCCSNe) are adopted from
the mass and metallicity dependent theoretical results of
Kobayashi et al. (2006). Stars with initial mass at 10–
40M⊙ explode as FeCCSNe. A half of the stars of initial
mass m > 20M⊙ are taken to explode as hypernovae
r-process in the early Galaxy 5
with ESN > 10
52 erg. For the yield of pair-instability
SNe, the results of Umeda & Nomoto (2002) are used.
For the ECSNe, we adopt the result of Wanajo et al.
(2009). Stellar lifetimes are specified following Schaerer
(2002).
As for the r-process elements, there is no reliable theo-
retical model both for the sites and yields. In this paper,
therefore, we compute the chemical evolution of r-process
elements with the relevant assumptions (see Section 3.1)
in an attempt to draw the constraints on them through
the comparisons of our computation results with the ob-
servations (see Section 4).
2.2.5. The Variations of Abundances of Gas
The gas of each proto-galaxy is assumed to be chem-
ically homogeneous, which holds good at least for mini-
halos of baryon mass of 105 − 106M⊙ (e.g., Machida et
al. 2005). The mass, Mgas,n, of gas and the abundances,
XA,n, of chemical element A in an n-th proto-galaxy
evolve as follows,
d
dt
Mgas,n = M˙in,n+
∑
i
{mej(mi,n)−Mw,i,n}δ(t−ti)−ǫ⋆Mgas,n
(2)
d
dt
(Mgas,nXA,n) = M˙in,nXIGM,A,n
+
∑
i
{(1− fw,i,n)YA(mi,n)−Mw,i,nXA,n}δ(t− ti)
− ǫ⋆Mgas,nXA,n. (3)
Here the first and the last terms in the right-hand sides
are due to gas infall and to the star formation, respec-
tively, where XIGM,A,n is the element abundance of IGM
around the n-th halo (see Sec. 2.4.4 for details): The
second terms describe contributions from the i-th SNe
that occurred at ti in the n-th proto-galaxy, where mi,n
is the mass of the progenitor star, mej and YA are the
ejected mass and the element yield, respectively, of SNe
as functions of mi,n: Mw,i,n and fw,i,n are, respectively,
the mass of the gas blown away from the n-th proto-
galaxy and the fraction of SN yield lost by the galactic
wind, triggered by the i-th SNe, which are determined as
functions of ESN,Mh and Mgas, as described in Section
2.4 with the chemical enrichment of the Galactic IGM.
2.3. The Surface Pollution of EMP survivors by ISM
Accretion
One of the important ingredients in our model is the
surface pollution of EMP survivors by the accretion of
inter stellar matter (ISM), enriched with metals by SN
ejecta. As shown in our previous studies (Yoshii 1981;
Iben 1983; Suda et al. 2004, Paper I), the ISM accretion
can be the dominant source of the surface metal abun-
dances for UMP/HMP stars. We follow the changes of
surface abundances for all the individual EMP survivors
and stars with [Ba/H]i ≦ −2.5 in the computations.
We assume the Bondi-Hoyle accretion.
The accreted matter is well mixed in the surface con-
vection zone of EMP stars. Mass of the surface convec-
tion zone is 0.2M⊙ for giant stars and 0.0035M⊙ for
dwarf stars (Fujimoto et al. 1995).
These assumptions are the same with Case D in Pa-
per I.
2.4. Galactic Wind and The Metal Pre-Enrichment of
IGM
The initial metallicity of proto-galaxies is not always
zero owing to the metals blown off from older proto-
galaxies. The metal pre-enrichment by the outflow from
proto-galaxies can be important for the very early gen-
erations of stars. As well as proto-galaxies which form
Milky-Way at z = 0, we follow the chemical evolution
of the intergalactic medium(IGM), in which the proto-
galaxies are embedded. Out of the gas in the computa-
tion region with MMW, the baryonic component which
resides outside of mini-halos are referred to as IGM in
this paper. They are the sum of the gas which will ac-
crete to the Milky Way and the matter which is blown-
out from proto-galaxies.
While we assume the chemically homogeneous IGM in
Papers I and II, we build an inhomogeneous model in
this study. Some previous studies investigate the metal
enrichment of intergalactic matter using the cosmological
simulations of dark matter halo and the semi-analytical
models of the galactic wind (e.g., Aguirre et al. 2001;
Bertone et al. 2007), but they We focus on the metal pre-
enrichment of IGM by the winds triggered by the first
or early generations of stars in proto-galaxies of small
masses and their nucleosynthetic signature on the abun-
dances of EMP survivors.
2.4.1. Outflow from Proto-Galaxies
We apply the following formulation to the outflow of
gas from the proto-galaxies. The outflow is driven by
the kinetic energy of SN explosion and of expansion of
HII region. A portion, η, of SN explosion energy, ESN, is
converted into the kinetic energy of gas shell, where we
assume η = 0.1 (e.g. Machida et al. 2005). In addition
to SN, HII regions, which are formed by massive stars,
may also blow the gas away from proto-galaxies. We
specify the kinetic energy of HII region, excited by a star
with massm, by 1048×(m/M⊙)erg(e.g., Kitayama et al.
2004). Thus, the total kinetic energy (SN + HII region)
amounts to Ek = ηESN + 10
48 × (m/M⊙)erg.
The outflow rate is thought to depend on the bind-
ing energy, Ebin, of gas in the host proto-galaxy. In
particular, when Ek sufficiently exceeds Ebin, all of the
gas in the proto-galaxy will be blown-off from the host
halo with almost all the kinetic energy, i.e., the energy,
Ew and the mass load, Mw, of the outflow are Ew = Ek
and Mw =Mgas, respectively. On the other hand, when
Ek ≪ Ebin, we may assume that a part, ǫ, of the kinetic
energy turns to the wind energy, i.e., Ew = ǫEk.
In our computation, we may adopt the following inter-
polation formulae for the energy and the mass load for
the wind;
Ew=Ek
ǫ+ Ek/Ebin
1 + Ek/Ebin
(4)
Mw=Mgas
Ew
Ebin + Ew
, (5)
respectively. Fraction, fw, of metal which is carried out
by the wind among the metal yield of the SN is thought
to beMw/Msw when the metal is well mixed in the swept-
up gas with mass Msw. When Ek ≫ Ebin, then, fw is
6 Komiya et al.
TABLE 1
Parameters and their fiducial values
description parameter fiducial value
merger tree
Total mass of the Galaxy (dark matter + baryon) MMW 10
12 M⊙
Minimum virial temperature of the mini-halo Tvir,m 10
3K
star formation
Star formation efficiency ǫ⋆ 10−10yr−1
Median mass of Pop. II, and Pop. I stars Mmd[EMP] 10M⊙
Median mass of Pop. III.1 stars Mmd[III.1] 200M⊙
Median mass of Pop. III.2 stars Mmd[III.2] 40M⊙
Boundary metal abundance between Pop. III and Pop. II stars Zcr 10−6 Z⊙
outflow
SN explosion energy (normal SN) ESN 10
51 erg
(hypernova) (1 − 3) × 1052 erg a
(ECSN) 1050 erg
Kinetic energy fraction among SN explosion energy η 0.1
Minimum fraction of kinetic energy to go to wind ǫk 0.1
aDependent on initial mass of stellar progenitor. See Kobayashi
et al. for details.
thought to be unity. We adopt the following formula;
fw = min
(
1,
Mw/Msw + Ek/Ebin
1 + Ek/Ebin
)
, (6)
and Msw is taken to be Msw = 10
5 ×
(ESN/10
51erg)1/2M⊙ (Machida et al. 2005).
The current knowledge of mass and metal outflow rate
from galaxies are still poor. In the present study, we
adopt ǫ = 0.1 as a rule of thumb (e.g., Fujita et al. 2004).
Our fiducial model gives average metallicity of [Fe/H] ∼
−1 for the Galactic IGM at z=0 (Dunne et al. 2003). We
note that our results for abundance of EMP survivors
may not be sensitive to the exact choice of the outflow
parameters since outflow from small mini-halos of Ek &
Ebin dominates the pre-enrichment at high redshift.
2.4.2. IGM
In this computation, IGM is the sum of the gas which
will accrete to the Milky Way and the matter which is
blown-out from proto-galaxies. The initial value of the
total mass,MIGM, of the Galactic IGM isMMW(Ωb/ΩM)
and it changes as follows;
d
dt
MIGM =
∑
n
(∑
i
Mw,i,nδ(t− ti)− M˙in,n
)
, (7)
whereMw,i,n is the mass, brown out by the i-th SN from
the n-th halo, which is set by eq. (5), and M˙in,n is the
infall rate to the n-th halos.
2.4.3. Evolution of the Galactic Wind in the IGM
The evolution of the wind from proto-galaxies and the
metal enrichment of the Galactic IGM is formulated as
follows. The first massive star in each mini-halo forms a
galactic wind. Gas and metal mass of the wind are de-
scribed in eqs. (5) and (6), respectively. The subsequent
SNe in the mini-halo We also assume an additional mo-
mentum,
√
2EwMw, to the wind.
We may describe the evolution of the galactic wind in
the IGM by assuming the snowplow shell-model with the
momentum conservation in a spherical symmetry. The
growth of the mass, M, the momentum MV , and the
chemical abundance, X , of the wind ejected from n-th
halo are written in the form;
d
dt
Mn = (Vn −RnHr)4πR2nρIGM
+
∑
i
Mw,i,nδ(t− ti)−
∑
{m|m∈Sn}
M˙in,m, (8)
d
dt
(MnVn) = (Vn −RnHr)4πR2nρIGM · RnHr
+
∑
i
√
2Ew,i,nMw,i,nδ(t− ti)−
∑
{m|m∈Sn}
M˙in,mVn.
(9)
d
dt
(MnXA,n) =
∑
i
(Mw,i,nXA,n + fw,i,nYA,i,n)δ(t− ti)
−
∑
{m|m∈Sn}
M˙in,mXA,n. (10)
Here the physical quantities of winds are denoted by cal-
ligraphic font, and R and V(≡ R˙) are the outer radius
and expansion velocity of the wind shell, respectively:
and Hr is the Hubble parameter. The initial radius is
set at the virial radius of the progenitor mini-halo. The
first terms in the right sides of eqs.(8) and (9) describe
the loading of the swept-up IGM. The second terms of
eqs.(8) and (9) and the first term of eq.(10) are the gas
mass, momentum, and metal mass of outflow by the i-
th SNe in the progenitor halo, The last terms in eqs.
(8)-(10) are the infall of the in the metal enriched area
by the wind. e assume spatially random distribution of
mini-halos and take the probability that a halo is in the
region polluted by an n-th halo to be Mn/MIGM (see
§2.4.4). A mini-halo is surrounded by its own wind (i.e.,
n ∈ Sn), and a part of the wind matter returns to the
mini-halo as it grows in mass by infall.
When two mini-halos merge, the winds, which are
ejected from the mini-halos, also “merge”. The merger
of winds is given by the pairwise sums of mass, momen-
tum, and volume (≡ 4πR3/3). The chemical abundance
of winds is averaged. Until merger, each wind evolves in-
dependently even though their metal enriched areas may
overlap.
r-process in the early Galaxy 7
2.4.4. Pre-Enrichment of Proto-Galaxies
XIGM,A,m =
∑
{n|m∈Sn}
XA,n. (11)
3. RESULTS
Figure 2 shows the metallicity distribution function
(MDF) for our model with the fiducial parameter set
(Table 1). We show the predicted distribution of in-
trinsic metallicity (solid red line) and surface metallicity
(dashed green line) of halo stars and compare them with
the observed MDFs (histograms). The detailed descrip-
tions about the observational data are in Section 4.1. As
shown in this figure, our model can reproduce not only
the shape of the MDF but also the total number of the
EMP survivors identified by the survey of the Milky Way
halo.
The accretion of ISM is the dominant source of iron for
stars with [Fe/H]s . −4. Most stars with [Fe/H]s . −5.5
in this model are the surface-polluted Pop. III survivors,
as shown in the dotted blue line in Figure 2.
The stars formed in mini-halos with Tvir > 10
4K at
redshift z < 20 under the LW-background constitute
∼ 82% of stars at −4 > [Fe/H] > −6 (UMP/HMP stars).
The reason is as follows. Primordial proto-galaxies with
small gas mass become [Fe/H] > −4 In contrast, larger-
mass proto-galaxies with Tvir > 10
4K remain to be in
smaller metallicity of [Fe/H] < −4 after a single CCSN.
Although we assume chemical homogeneity inside proto-
galaxies, the elemental abundance in those larger proto-
galaxies could be actually inhomogeneous. We will study
about detailed abundance distributions in these large
proto-galaxies and UMP/HMP stars in the forthcoming
papers. On the other hand, most (∼ 88%) of the sec-
ond generation stars with −4 < [Fe/H] < −3 are formed
in proto-galaxies with Mgas < 10
6M⊙. In these small
proto-galaxies, SN ejecta is thought to be well mixed
into whole proto-galaxies before they cool to form the
next generation of stars.
In Figure 2, we also show the distribution of the first
generation stars which are formed in the pre-enriched
proto-galaxies. The solid magenta and the dashed cyan
lines are the distribution of these pre-enriched first stars
after and before surface pollution, respectively. These
pre-enriched first stars account for ∼ 2% of EMP sur-
vivors and for ∼ 20% of stars at −4 > [Fe/H] > −5.
As seen in Figure 3, the formation redshift of EMP
stars is widely scattered. Pop. III stars are formed
around z ∼ 20, and EMP stars mainly at z ∼ 15 - 5.
In the following subsections, we investigate the enrich-
ment history of r-process element using this hierarchical
chemical evolution model.
3.1. R-process Site
The dominant astronomical r-process site is not yet
revealed as mentioned. In the fiducial model, we assign
CCSNe as dominant r-process sources. Higher and lower
mass limit (Mhi andMlo) for the production of r-process
elements are free-parameters in this study. We summa-
rize parameter values for r-process sites and yields of Ba
and Eu in Table 2. We discuss NS merger as an r-process
source in Section 5.
 0.1
 1
 10
 100
 1000
 10000
-6 -5 -4 -3 -2
 0.0001
 0.001
 0.01
 0.1
 1
 10
n
H
ES
Σ G
(de
g-2
)
[Fe/H]
Intrinsic
Polluted
Polluted Pop.III
Pre-enriched(surface)
Pre-enriched(intrinsic)
Fig. 2.— Metallicity distribution functions (MDFs). Solid red
line and dashed green line denote the predicted distributions of in-
trinsic metallicity ([Fe/H]i) and after surface pollution ([Fe/H]s),
respectively. Dotted blue line denotes that for Pop. III survivors.
The intrinsic and surface metallicity distributions for the first gen-
eration stars in the pre-enriched proto-galaxies are also plotted by
dashed cyan and solid magenta lines, respectively. We compute
the number of stars which are expected to be distributed in the
survey volume of the HES survey (left axis) and the surface num-
ber density of giant stars in the MW halo (right axis). Histograms
show the observational MDFs by the HES survey (Scho¨rck et al.
2009, gray shaded) and the SAGA database (black solid line). The
HES data is bias-corrected but disk stars can be contaminated at
[Fe/H] > −2. The SAGA sample is biased toward low-metallicity
but is expected to be unbiased below [Fe/H] . −3. The abun-
dance determination is more accurate for the SAGA sample at
[Fe/H] . −2.5 because of higher resolution. For details about the
observed data, see Section 4.1.
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Fig. 3.— The predicted distribution of surface metallicity against
the formation redshift for low-mass survivors.
We investigate the dependence on Mhi and Mlo by
Models A-E. In Models A-E, we set mass range of r-
process sites at the low-mass end of the CCSN mass
range, following some previous chemical evolution stud-
ies (e.g. Mathews et al. 1992; Ishimaru & Wanajo 1999;
Qian & Wasserburg 2008). Stars around ∼ 10M⊙ are
thought to be explode as electron capture SNe (ECSNe)
with O-Ne-Mg cores. ECSN is a possible r-process site
as mentioned above . Pumo et al. (2009) argue that the
mass range of progenitor stars for ECSNe is 9 − 10M⊙
for metal poor stars. We discuss the result of Model C, in
which (Mlo,Mhi) = (9M⊙, 10M⊙), in detail as a best-fit
typical case in Section 3.2 and parameter dependence in
Section 3.3.
For simplicity, the mass of the ejected r-process ele-
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Fig. 4.— The predicted distributions of Ba (top panel) and Eu
(bottom panel) by Model C against the metallicity for the low-
mass stars that survive to data. ECSNe of progenitor stars with 9-
10M⊙ are assumed to be the r-process sites. The predicted number
density of stars per unit area of ∆[Fe/H] = ∆[r/Fe] = 0.1 is color-
coded. The blue lines are 5, 25, 50, 75, and 95 percentile curves of
the predicted distributions. The observed data are shown by black
symbols (see § 4.1 for details on the observational sample).
mass range of each case. We determine the YEu to give
〈[Eu/Fe]〉 = 0.6, where 〈[Eu/Fe]〉 is the IMF weighted
average of relative abundance of ejecta of all CCSNe,
and 0.6 is the averaged observational abundance of Pop-
ulation II stars. Under this assumption, YEu is anti-
proportional to the number fraction, P , of the r-process
sources among CCSNe that produce iron:
P ≡
∫ Mhi
Mlo
ξ(m)dm
/∫ 40
9
ξ(m)dm. (12)
The yield of Ba is determined to be YBa/YEu = 7.6 to
give the same ratio as the solar r-process abundance ratio
(Arlandini et al. 1999).
We also adopt some other values for Mhi,Mlo and Y
for comparison in Section 3.3. We compute models with
the same mass ranges and elemental yields as Argast et
al. (2004, (Mlo,Mhi) = (20M⊙, 25M⊙)) or Cescutti et
al. (2006, (Mlo,Mhi) = (12M⊙, 30M⊙)). They advocate
mass dependent yields for Eu and Ba. The results are
described in Section 4.7.
3.2. Basic Properties of the Hierarchical Chemical
Evolution Model
In this subsection, we describe results of our fiducial
model, Model C ((Mlo,Mhi) = (9M⊙, 10M⊙) ), in de-
tail as a typical case of our hierarchical model.
Figure 4 shows the predicted distribution of stars in the
[Fe/H]-[Ba/Fe] (top panel) plane and the [Fe/H]-[Eu/Fe]
plane (bottom panel). The color maps denote the pre-
dicted number density of giant stars. The number of
stars with [X/Fe] < −2.5 in each [Fe/H] bin is color
coded in the bottom cells of the panels. For EMP stars,
r-process elements on such very r-process deficient stars
are not detected by spectroscopic observations. The blue
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Fig. 5.— The predicted distribution of Ba abundance of low-mass
survivors against the formation redshift from Model C.
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Fig. 6.— A schematic picture of the evolution process in our
hierarchical chemical evolution model on the [Fe/H]-[Ba/Fe] plane.
The color maps shows predicted number distribution of stars before
(top panel) and after (bottom panel) the ISM accretion. The solid
and dashed arrows show the typical evolutionary tracks of pristine
and pre-enriched proto-galaxies, respectively. The numbers in the
figure correspond to the itemized figures in the text (§3.2). Chem-
ical abundance evolves as follows: At first, a PISN or a FeCCSN
provides iron without providing r-process elements. A few tens
of million years later, first ECSN makes its host proto-galaxy to
[Ba/H] ∼ −3 at [Fe/H] ∼ −2 to −3.5. As the chemical evolution
progresses with subsequent SNe, [Ba/Fe] is averaged owing to mix-
ing ejecta of various SNe and as well as galaxy merger. On top of
this, the surface pollution changes the the surface abundance and
Pop. III and no-r EMP stars come to have [Ba/H] ∼ −5. See text
for details.
lines denote medians (thick solid), upper and lower quar-
tiles (thin solid), and 5 and 95 percentiles (dotted) of the
predicted distributions. We use the observational sample
compiled by the Stellar Abundance for Galactic Archae-
ology (SAGA) database (Suda et al. 2008, black sym-
bols). Detailed description of the observational sample is
in Section 4.1. We note that the SAGA sample is strongly
biased toward lower metallicity. At −2.8 < [Fe/H] < −1,
the metallicity distribution of the is almost flat as seen
in Figure 2. The predicted number density in Fig. 4 and
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following figures of abundance distribution is scaled con-
sidering the bias at [Fe/H] > −2.8. At [Fe/H] ≤ −2.8, we
plot the computation result directly because the SAGA
sample is almost unbiased. In this study, since we set
YEu/YBa to be the solar r-process abundance ratio for all
SNe, the predicted distribution of [Eu/Fe] is the same as
of [Ba/Fe], but shifted by ∼ +0.7 dex.
As shown in Figure 3 and Figure 5, chemical evolution
process is different from proto-galaxy to proto-galaxy.
Abundance of the r-process elements of stars which are
formed in small young proto-galaxies are scattered widely
while stars around the averaged abundance are formed
in the galaxies with larger mass and larger metallicity.
Figure 6 is a schematic picture of the chemical evolu-
tion process on the [Fe/H]-[Ba/Fe] plane in . Color in the
top and bottom panels denote the predicted distributions
of the intrinsic abundance and the polluted surface abun-
dance of EMP survivors, respectively. In the top panel,
the evolution of elemental abundances in typical proto-
galaxies is illustrated by solid arrows and the evolution in
the pre-enriched proto-galaxies is illustrated by dashed
arrows. In the bottom panel, we illustrate the change
of surface abundance by the ISM accretion. Elemental
abundance evolves as follows:
1. In the beginning, a proto-galaxy is formed without
iron and without r-process elements. Pop. III stars
are formed in small proto-galaxies. A few low-mass
Pop. III survivors are formed as secondary compan-
ions of Pop. III binaries. Accretion of ISM changes
their surface abundance and we observe the polluted
Pop. III stars at [Fe/H] ∼ −5.
2. Progenitor mass of the first SN in the proto-galaxy
is almost always larger than 10M⊙ because of the
very high-mass IMF for Pop. III stars and longer
lifetime of stars with 9− 10M⊙ than more massive
stars. Therefore, the first SN yields iron but no
r-process elements. Its host proto-galaxy becomes
[Fe/H] & −4, but XBa remains at zero ([Ba/H] =
−∞). Subsequent FeCCSN(e) enrich host proto-
galaxy to −4 . [Fe/H] . −2. No-r EMP stars are
formed here.
3. A few tens million years after the first SN, the first
ECSN explodes and provides r-process elements.
By a single ECSN, the host proto-galaxy becomes
−3.5 . [Ba/H] . −2. Barium abundance relative
to iron jumps from [Ba/Fe] = −∞ to [Ba/Fe] &
−1. Diversity of mass of proto-galaxies and of iron
abundances makes large scatter of the [r/Fe] after
this first r-process element injection. The short
axis of the tilted ellipse ([r/H]) depends on gas
mass and the long axis (along constant [r/H]) de-
pends on the delay time of r-process source and the
iron yield of previous SNe. When ECSN occurs at
an early age in proto-galaxies with small gas mass,
proto-galaxies become [Eu/Fe] > +1 and r-II stars
are formed.
4. Galactic winds with metal are ejected from proto-
galaxies by energetic SNe and enrich the IGM
with metal. The ejected matter is mixed and di-
luted with the IGM and [Fe/H] decreases. But
[Ba/Fe] does not change because both iron and
barium are diluted in the same way. The typical
evolutionary tracks of pre-enriched proto-galaxies
are illustrated by dashed arrows and dashed cir-
cles in Fig. 6. Approximately ∼ 4% of proto-
galaxies are formed with the pre-enrichmed IGM.
Pre-enriched first stars are formed in these proto-
galaxies. These stars are divided into two groups
different in [Ba/Fe]. One comprises stars without
Ba that are only polluted by PISNe and/or FeCC-
SNe. The other group comprises stars which con-
tain r-process elements ejected from ECSNe. Ini-
tial Ba abundances of these stars are distributed
around [Ba/Fe] ∼ −1 to 0.
5. Similar to the pristine proto-galaxies, the chemical
abundance of pre-enriched proto-galaxies evolves
by subsequent SNe. By FeCCSNe, the proto-
galaxies become −4 . [Fe/H] . −2. For proto-
galaxies which are pre-enriched with r-process el-
ements, [Ba/Fe] decreases. When the first EC-
SNe explode, their barium abundances jump to
[Ba/Fe] & −1.
6. After the first ECSN, [Ba/Fe] approaches the IMF
weighted average of SN yields owing to mixture of
ejecta from many SNe. Mergers of proto-galaxies
also average their abundances. Scatter of the ele-
ment abundances decreases as metallicity increases.
At [Fe/H] & −1.5, the scatter is smaller than the
typical uncertainty of the abundance measurement
(∼ 0.2dex).
7. Distribution of initial abundance shown in the top
panel of Figure 6 is given as described above. On
top of this, the abundance distribution is changed
by the surface pollution as shown in the bottom
panel. Pop. III survivors are polluted with metal
and becomes UMP/HMP stars as seen in Figure 2.
No-r EMP stars are polluted with r-process ele-
ment to [Ba/H] ∼ −5 on average (tilted ellipse in
the bottom panel of Fig. 6). We describe the effect
of the ISM accretion in Section 3.2.2 in detail.
3.2.1. Pre-Enrichment
Outflow from proto-galaxies forms galactic wind and
enrich the IGM with metal. In our fiducial model, ∼ 4%
of proto-galaxies in number is formed in the pre-enriched
IGM. First generation stars in these pre-enriched proto-
galaxies are expected to preserve the chemical signature
of the outflow. As seen in Figure 2, these stars distribute
over wide metallicity range, −6 . [Fe/H]i < −2.
A very massive first star explodes as PISN, and eject a
large amount of metal, and form a galactic wind to enrich
the ambient IGM with [Fe/H] & −2. A FeCCSN form a
galactic wind with metallicity [Fe/H] ∼ −4 to −3. Winds
can be diluted to [Fe/H] ∼ −6 as it spread in the IGM
with ∼ 107−8M⊙. As galaxies evolve, many SNe add
metal and momentum to winds, and winds evolve. At
z = 20 and 10, ∼ 3% and 34%, respectively, of the Galac-
tic IGM is polluted with metal. ∼ 61% of pre-enrichmed
first stars have r-process elements at their birth. Barium
abundance of these stars is [Ba/Fe]s ∼ −0.3 on average.
Figure 7 is abundance distribution of stars that they
are formed before the first ECSNe in their host proto-
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Fig. 7.— Distribution of EMP survivors which are formed before
the first ECSN in their host halo. Top and bottom panels show
the distributions before and after they suffer the accretion of ISM,
respectively. The barium abundance of the top panel shows the
contribution of pre-enrichment.
galaxies. Distribution of their intrinsic abundance of bar-
ium (top panel) shows contributions of pre-enrichment
to the barium abundance. There formed ∼ 27% of
EMP survivors before the first ECSN, and ∼ 29% of
them have r-process elements in their interior due to pre-
enrichment. For the initial barium abundance of these
stars, the median is [Ba/Fe]i = −0.56.
The bottom panel shows the distribution with the
surface pollution taken into account. This shows that
the abundance distribution of pre-enriched EMP stars
are changed and dominated by the ISM accretion for
[Ba/H] . −3.5.
3.2.2. ISM Accretion
Because only a small portion of IGM is polluted with
metal by winds at high redshift, most proto-galaxies are
formed with the primordial abundance. In our fiducial
model, ∼ 1100 low-mass Pop. III stars are formed and
survive to date in the whole Milky Way halo. The accre-
tion of ISM determines the present surface element abun-
dances of these Pop. III survivors. In Paper I, we com-
puted the accretion rate of metal from ISM onto EMP
survivors with both the chemical evolution and the merg-
ing history taken into account. We showed that Pop. III
survivors are polluted with [Fe/H] ∼ −6 and observed as
UMP/HMP stars. In this model, the majority of HMP
stars ([Fe/H] < −5) are polluted Pop. III survivors. For
these stars, the ISM accretion is only the source of metal
on their surfaces.
A majority of EMP survivors with [Fe/H] < −3 have
no r-process elements at their formation although they
have metal. The accretion of ISM is an exclusive source
of Ba for these stars. Figure 8 denotes distributions of
the mass, Macc, of the accreted ISM (top panel) and the
mass, Macc,Ba, of the accreted barium (bottom panel) for
low-mass survivors without barium at their birth, i.e.,
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Fig. 8.— Distribution of the mass of the accreted ISM (top
panel) and of the accreted barium (bottom panel) for no-r EMP
stars (stars formed without barium). The Y axis is the number
fraction of stars. On average, surface abundance of giant stars are
changed from [Ba/H] = −∞ to [Ba/H] = −5.4 due to pollution by
accretion of ISM. Pollution rate have large scatter with ∼ 10 dex.
See text for details.
Pop. III survivors, pre-enriched first stars without pris-
tine r-process elements, and no-r EMP stars. As de-
scribed in Sec.2.3, we follow the change in the surface
abundance of each individual EMP survivor by the ac-
cretion of ISM and compute the distribution of r-process
element abundances. The amount of accreted barium
onto EMP stars is distributed over 10 dex depending on
the merging histories and the chemical enrichment his-
tories of their host halos.
The distribution of Macc,Ba is bimodal. The lower and
higher peaks correspond to proto-galaxies that merge to
larger halos before and after the first ECSNe, respec-
tively. As shown in our previous paper, the ISM ac-
cretion is efficient in the proto-galaxies in which EMP
stars are formed (M˙acc ∼ 10−11M⊙/yr), but the accre-
tion rate decreases sharply after the merging event since
the relative velocity between stars and ISM increases
(see Paper I for details). Stars formed in a proto-galaxy
in which an ECSN took place before the first merging
event are distributed at Macc,Ba ∼ 10−13M⊙. When
their host proto-galaxies merge before the first ECSNe,
on the other hand, stars can accumulate a tiny amount
of barium, Macc,Ba ∼ 10−19M⊙, from ISM. The surface
barium abundance becomes [Ba/H] ∼ −5 for a typical
giant star but is distributed between [Ba/H] ∼ −13 to
−3.
Figure 9 shows the effect of surface pollution by the
accretion of ISM on the abundance distribution of EMP
survivors. Difference in number density of EMP sur-
vivors between distributions of intrinsic abundance and
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Fig. 9.— Change of the abundance distribution by the surface
pollution on the [Fe/H][Ba/Fe] plane. Differences in the number
density of EMP giant survivors between the distributions of in-
trinsic and polluted surface abundances are color coded where red
and blue mean the increase and decrease of number density by the
surface pollution, respectively. We compute the changes of surface
abundance only for stars with [Fe/H] < −2.5 or [Ba/H] < −2.5.
Blue color at the bottom cell denotes the number of these stars. In
this figure, the number density is not scaled to match the observed
number.
polluted surface abundance are color coded. We com-
pute the changes of surface abundance only for stars with
[Fe/H] < −2.5 or [Ba/H] < −2.5. Most of these no-r
EMP stars are the early generations of stars formed be-
fore the explosion of the first r-process source in their
host proto-galaxies but neither Pop. III stars nor first
generation stars. The accretion of ISM is the dominant
source on the surface of no-r EMP stars and changes
their abundance to the red area at [Fe/H] ∼ −3 to −4
and [Ba/Fe] < 0 in Figure 9. After the surface pollution,
the median of the barium abundance at [Fe/H] = −3 to
−4 becomes [Ba/Fe] ∼ −1. For the majority of stars
with [Ba/H] . −3.5, the accreted barium overwhelms
the intrinsic barium in their surfaces convection zone.
For [Ba/H] & −3.5, the ISM accretion is not the
dominant source of barium, and yet, has an effect on
abundance distribution. The number density of stars at
[Ba/Fe] ∼ −0.2 increases but decreases in the other area;
i.e., the abundance scatter was decreased. This can be
explained as follows; Accreted matter is chemically more
evolved than EMP stars since the accretion continues af-
ter the ISM grows more metal-rich than the EMP stars.
As chemically more evolved, [Ba/Fe] converges to the
IMF average, and the accretion of ISM with the aver-
aged abundance decreases scatter of [Ba/Fe].
3.2.3. Most Metal Deficient Stars
The abundance distribution at the most metal-poor
range is distinctive in evaluating the effect of surface pol-
lution and IGM pre-enrichment.
Around [Fe/H] ∼ −3, our fiducial model predicts a
trend of [r/Fe] decreasing as metallicity decreases on av-
erage. For [Fe/H] < −3.3, however, the trend diminishes
and in the range of −4 < [Fe/H] < −3.3, the median
of [Ba/Fe] remains almost with ∼ −1. It is because the
predicted dominated by the ISM accretion. A majority
of stars in this metallicity range are no-r EMP survivors.
Their surfaces are polluted with the r-process elements
to [Ba/Fe] ∼ −1 in the accreted ISM. Scatter of [Ba/Fe]
is very large since the accretion rate have large variations
as mentioned above.
Although the number of observed stars is not suffi-
cient to determine whether [Ba/Fe] keeps decreasing or a
plateau is reached, the distribution of the SAGA sample
seems to be consistent with our prediction. The typi-
cal barium abundance predicted is close to the detection
limits of current observations and there are some stars
on which no barium is detected. For europium, there
are few stars with detection at [Fe/H] < −3.3, and the
abundance trend is not yet known.
For [Fe/H] < −4, our model predicts that a majority of
stars are distributed at the interval of −1 < [Ba/Fe] < 0.
For these stars, the ISM accretion is the dominant source
for iron as well as r-process elements. The median of
[Ba/Fe] is higher for UMP survivors with [Fe/H] < −4
than at −4 < [Fe/H] < −3.3 since the accretion raises
[Ba/H] similarly to stars with −4 < [Fe/H] < −3.3 while
[Fe/H] is smaller. The predicted scatter of [Ba/Fe] is
smaller than in −4 < [Fe/H] < −3.3 for both the iron
and barium abundances are dominated by the accreted
matter and the relative amounts of barium and iron are
not dependent on the accretion rate.
A distinctive feature of the ECSN scenario for r-
process sources in our model is that it predicts stars with
[Eu/Fe] > +2.5 at [Fe/H] < −4. When the first SN in a
mini-halo is a ECSN, it eject a small amount of iron and
a large amount of r-process elements to form these UMP
stars with large r-process elements enhancement. 5
Observationally, for [Fe/H] < −4, we have only 3 sam-
ples with barium detected in −4.2 < [Fe/H] < −4, for
which, [Ba/Fe] is close to the median line in Figure 4.
For [Fe/H] < −4.2, 4 stars including 2 HMP stars have
so far been identified but neither barium nor europium
has been detected in any of them.
The result of our hierarchical chemical evolution model
is distinct from previous inhomogeneous chemical evolu-
tion models especially in [Fe/H] < −3.3. Ishimaru et
al. (2004) also argued SNe at the low-mass end of the
CCSN mass range as r-process sites. But they predicted
a monolithic decreasing trend as metallicity decreases at
[Fe/H] < −3. This is because they assume that SN ejecta
is well mixed throughout all of the ISM after the SN trig-
gers the star formation. Argast et al. (2004) predicted
higher typical abundance and large scatter, because they
neglected no-r EMP stars and assumed the smaller mix-
ing mass for SN ejecta. Cescutti (2008) predicted no
stars below [Fe/H] < −3.5. We consider the distributions
of Pop. III survivors and no-r EMP stars with the ISM ac-
cretion taken into account, but these previous studies do
not. Additionally, we consider the realistic merger trees
and inhomogeneity of IGM. The effects of the merging
history, the inhomogeneity of IGM, and the ISM accre-
tion will be important to interpret future observations of
r-process element abundances of most metal-poor stars.
3.3. Parameter Dependence
3.3.1. Mass Range of the R-process Site
The abundance trend and scatter are dependent on
the mass range (Mlo,Mhi) of the r-process sites. The
predicted typical abundances, trends, and scatters are
5 However, Wanajo et al. (2003) argue that ECSNs yield r-
process elements only when their explosion energy is large (ESN =
3.5× 1051erg), and those with large explosion energy eject a larger
amount (∼ 0.02M⊙) of iron than the YFe of ECSN assumed in this
study.
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TABLE 2
Models (r-process sites)
Model Mlo–Mhi(M⊙)
a P b YBa(M⊙)
c YEu(M⊙)
d ǫ⋆ (yr−1) e note
A 9− 9.1 1.06% 6.07× 10−5 7.99× 10−6 10−10
B 9− 9.3 3.14% 2.48× 10−5 2.70× 10−6 10−10
Cf 9− 10 10.0% 6.55× 10−6 8.62× 10−7 10−10
D 9− 13 34% 1.88× 10−6 2.47× 10−7 10−10
E 9− 40 100% 6.58× 10−7 8.66× 10−8 10−10
H 30− 40 10.1% 6.53× 10−7 8.59× 10−8 10−10
C01 9− 10 10.0% 6.55× 10−6 8.62× 10−7 10−11
C03 9− 10 10.0% 6.55× 10−6 8.62× 10−7 3× 10−11
C3 9− 10 10.0% 6.55× 10−6 8.62× 10−7 3× 10−10
C10 9− 10 10.0% 6.55× 10−6 8.62× 10−7 1× 10−9
S 9− 10 15.3% 3.81× 10−6 5.01× 10−7 10−10 Chabrier (2003) IMF
S0 9− 9.62 10.0% 6.55× 10−6 8.62× 10−7 4.82× 10−10 Chabrier (2003) IMF
Argast 20− 25 11.7% Argast et al. (2004); Model SN2025 10−10
Cescutti 12− 30 62% Cescutti et al. (2006); Model 1 10−10
NSM6 9− 25 (binary) 11.2% 5.72× 10−6 7.53× 10−7 10−10 tcg = 106yr, pNSM
h = 10%, ǫNSM
i = 1050erg
NSM7 9− 25 (binary) 11.2% 5.72× 10−6 7.53× 10−7 10−10 tc = 107yr, pNSM = 100%, ǫNSM = 10
50erg
NSM8 9− 25 (binary) 11.2% 5.72× 10−6 7.53× 10−7 10−10 tc = 108yr, pNSM = 100%, ǫNSM = 10
50erg
NSM7s 9− 25 (binary) 11.2% 5.72× 10−6 7.53× 10−7 10−11 tc = 107yr, pNSM = 100%, ǫNSM = 10
50erg
NSM7p10 9− 25 (binary) 1.12% 5.72× 10−5 7.53× 10−6 10−10 tc = 107yr, pNSM = 10%, ǫNSM = 10
50erg
NSM7e 9− 25 (binary) 11.2% 5.72× 10−6 7.53× 10−7 10−10 tc = 107yr, pNSM = 100%, ǫNSM = 10
51erg
aHigher and lower mass limit for r-process sites
bPercentage of r-process sources among CCSNe
cBa yield
dEu yield
eStar formation efficiency
fFiducial model
gCoalescence timescale of neutron stars binary
hCoalescence frequency of neutron star binary
hKinetic energy of ejecta from neutron star merger
<-2.5
-2
-1
 0
 1
 2
[B
a/F
e]
A C
-6
-5
-4
-3
-2
-1
 0
lo
g(d
2 N
/d
[X
/Fe
]/d
[Fe
/H
])
E
<-2.5
-2
-1
 0
 1
 2
-4 -3 -2 -1
[B
a/F
e]
[Fe/H]
H
-4 -3 -2 -1
[Fe/H]
C01
-6
-5
-4
-3
-2
-1
 0
lo
g(d
2 N
/d
[X
/Fe
]/d
[Fe
/H
])
-4 -3 -2 -1
[Fe/H]
C10
Fig. 10.— The predicted abundance distributions of EMP survivors on the [Fe/H] and [Ba/Fe] plane for the different parameter-sets
on the r-process sites, Models A (top left), C (top middle), E (top right), and H (bottom left), and on the star formation rates, Models
C01(bottom middle) and C10(bottom right). Color code, lines and symbols are the same with Fig. 4.
given in Table 3 and illustrated as a function of the model
parameters in Figure 11.
Among the sample stars of the SAGA database, there
is the trend of [Ba/Fe] decreasing as the metallicity de-
creases. Figure 10 shows that Models A and C predict
a trend of decreasing [r/Fe] due to long delay time to
the explosion of ECSNe. On the other hand, Model
H ((Mlo,Mhi) = (30M⊙, 40M⊙) have the median of
[Ba/Fe] almost constant because of the short lifetime of
the r-process sources.
Scatter of the r-process element abundances depends
on the number fraction, P , of r-process sources among
the CCSNe in the whole mass range, as given in Table 2.
The scatter increases as P decreases (see Figure 10, Ta-
ble 3 and the middle panel of Figure 11). Small P means
low event rate and large YBa and makes large scatter.
To quantify the scatter, we use the interquartile range,
Q3 − Q1([Ba/Fe]); the difference between the first and
third quartiles of [Ba/Fe] for −2.8 < [Fe/H] ≦ −2.3
(filled square in the middle panel of Figure 11) and for
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Fig. 11.— Parameter dependence of the computation results and comparison with the observations. Models A–E show dependence on the
width of the mass range of r-process source: C01–C10 show dependence on star formation rate: and S and S0 show results with low-mass
IMF. Results with other scenarios for r-process sites are also presented (see Section 4.7). Error bars are the 90% bootstrap confidence
intervals. Computation results are convolved with a Gaussian error in the observations of σ = 0.2 dex. [Top panel]: Median of the predicted
abundance at −2.8 < [Fe/H] ≦ −2.3 (filled square with solid lines) and −3.3 < [Fe/H] ≦ −2.8 (open square with dashed lines), respectively.
The horizontal straight lines show median of the observed abundance for −2.8 < [Fe/H] ≦ −2.3 (solid) and −3.3 < [Fe/H] ≦ −2.8
(dashed). [Middle panel]: Typical abundance scatter of [Ba/Fe]. We plot the interquartile ranges of barium abundance at metallicity
ranges −2.8 < [Fe/H] ≦ −2.3 (filled squares with solid lines) and −3.3 < [Fe/H] ≦ −2.8 (open squares with dashed lines), respectively.
The horizontal lines show the scatter of the observed samples at the −2.8 < [Fe/H] ≦ −2.3(solid) and −3.3 < [Fe/H] ≦ −2.8(dashed).
[Bottom panel] Number fraction of r-II stars ([Eu/Fe] > +1, filled square with solid lines) and r-deficient EMP stars ([Ba/Fe] < −5.5, open
square with dashed lines) among EMP survivors. The solid horizontal line is the observed number fraction of r-II stars. The lower dashed
horizontal lines denote observed percentage of stars with report of upper limit of [Ba/Fe]. When we take into account for stars without
report of [Ba/Fe], the upper limit of frdf can be up to the upper dotted horizontal line.
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TABLE 3
Model Results
Q3 −Q1([Ba/Fe]) c
Model [Ba/Fe]md
a ∆[Ba/Fe]md
b (−2.8,−2.3] (−3.3,−2.8] frII
d [Fe/H]rII
e frdf
f
A -0.51 -1.51 1.70 6.70 6.4% -2.84 38%
B -0.37 -0.67 0.70 2.73 7.1% -2.87 25%
C -0.29 -0.17 0.49 1.57 7.1% -2.90 15%
D -0.25 -0.05 0.38 0.64 4.2% -2.97 7.5%
E -0.18 0.02 0.31 0.32 2.0% -2.96 1.0%
H -0.18 0.05 0.39 0.58 10% -3.06 9.0%
C01 -0.22 -0.01 0.33 0.47 4.2% -3.08 5.9%
C03 -0.23 -0.12 0.38 0.83 5.9% -3.00 10%
C3 -0.26 -0.16 0.53 2.08 8.3% -2.81 19%
C10 -0.20 -0.21 0.51 2.27 8.0% -2.72 22%
S 0.00 -0.06 0.34 0.70 15% -2.89 6.9%
S0 -0.31 -0.13 0.51 1.50 6.9% -2.89 14%
Argast -0.51 -0.03 0.41 0.73 2.2% -3.18 12%
Cescutti 0.07 -0.10 0.38 0.62 2.9% -3.03 2.5%
NSM6 -0.20 -0.09 0.40 0.83 6.0% -2.91 11%
NSM7 -0.28 -0.14 0.47 1.37 6.9% -2.88 13%
NSM8 -0.64 -0.92 1.07 2.95 3.4% -2.81 32%
NSM7s -0.22 -0.01 0.33 0.45 3.3% -3.03 5.4%
NSM7p10 -0.49 -1.46 1.57 6.83 6.4% -2.84 36%
NSM7e -0.31 -0.14 0.46 1.48 3.7% -2.92 15%
Observation -0.37 -0.31 0.5 1.0 12/216 -2.83 4/216 – 32/216
(5.6%) (1.9% – 15%)
aMedian of [Ba/Fe] at −2.8 < [Fe/H] ≤ −2.3
bDifference between median of [Ba/Fe] at −2.8 < [Fe/H] ≤ −2.3
and at −3.3 < [Fe/H] ≤ −2.8. Slope of the decreasing trend as
metallicity decreases around [Fe/H] = −3.
cScatter of the abundance distribution. Interquartile range of
[Ba/Fe] at metallicity ranges of −2.8 < [Fe/H] ≤ −2.3 or −3.3 <
[Fe/H] ≤ −2.8.
dPercentage of r-II stars ([Eu/Fe] > +1.0) among giant EMP
survivors
eAverage metallicity of r-II stars
fPercentage of r-deficient EMP stars ([Ba/H] < −5.5) among
giant EMP survivors
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Fig. 12.— Resultant total star formation rate history in the
computations. The solid red, dashed green and dotted blue line
describe results of Model C, C01, and C10, respectively. The dash
dotted cyan line describes the result of Model S. See text for details.
−3.3 < [Fe/H] ≦ −2.8 (open square). The predicted val-
ues of Q3 − Q1 in Table 3 and Figure 11 are convolved
with a Gaussian observational error of σ = 0.2 dex.
The top right panel of Figure 10 shows the result of
an extreme case with P = 100%, i.e., all CCSNe eject r-
process elements (Model E). In this case, the percentile
curves of [Ba/Fe] are almost flat against [Fe/H] and the
predicted scatter is very small.
In the fiducial model, ∼ 4% of stars with [Fe/H] <
−4 show very large r-process element enhancement
([Ba/Fe] & +2). They are the second generation stars
born only with the ejecta of an ECSN. Since the iron
yield of ECSN is much smaller than that of FeCCSN,
they show very low metallicity and very large enhance-
ment of r-process elements. The presence of these stars
is a distinctive feature of the ECSN scenario for r-process
site.
3.3.2. The Star Formation Efficiency
The abundance distributions also depend on the star-
formation efficiency (SFE). Model C01 with low SFE of
ǫ⋆ = 10
−11/yr predicts a shallower slope of the median
curve below [Ba/Fe] = −3. This is because that the lower
SFE makes the progress of metal enrichment slower and
the time-scale of chemical enrichment longer. Accord-
ingly, ECSNe occur at lower metallicity, which shifts the
downturn to lower metallicity and makes the declining
slope gentle.
The scatter of the abundances also decreases as SFE
decreases since the proto-galaxies merge and their ele-
ment abundances are averaged at lower metallicity owing
to slower chemical evolution.
On the other hand, Model C10 with high SFE predicts
larger scatter and larger number of r-deficient EMP stars.
These results indicate that ǫ⋆ should be ∼ 10−10/yr to
reproduce the observed abundance distribution.
Figure 12 shows the sum of the star formation rate for
all proto-galaxies as a function of redshift. First stars
are formed around z ∼ 30, and SFR increases as new
mini-halos collapse and accumulate gas. SFR once de-
creases at z ≥ 20 due to the suppression of star forma-
tion by Lyman-Werner background, but increases again
as galaxies grow in mass. In the fiducial model, SFR is
peaked at z ∼ 5 and decrease for lower redshift since gas
in the galaxies are exhausted by star formation and SN
driven outflow, although we have to take into account
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Fig. 13.— The predicted abundance distributions by our hier-
archical models with the low-mass IMF of Chabrier (2003). Top
panel: Result with the same mass range, r-process yield and star
formation efficiency as Model C, i.e., (Mlo,Mhi) = (9M⊙, 10M⊙),
P = 15.3% and ǫ⋆ = 1 × 1010yr−1. Bottom panel: Result
with the same frequency of r-process source, yield and SN rate
as Model C, i.e., (Mlo,Mhi) = (9M⊙, 9.62M⊙), P = 10% and
ǫ⋆ = 4.8× 1010yr−1. The distribution of r-process element abun-
dance indirectly depends on the IMF through SN rate and P .
variations of IMF in such a low redshift. The resultant
SFR is not proportional to SFE since supernova-driven
outflow reduces gas mass in proto-galaxies and regulates
star formation.
3.3.3. The IMF of EMP Stars
We use the high-mass IMF as a fiducial one according
to our previous studies (Komiya et al. 2007, 2009a). In
this section, we adopt the present-day IMF by Chabrier
(2003) to discuss the IMF dependence of the predicted
abundance distribution.
The total number of EMP survivors predicted is
strongly dependent on the IMF. The low-mass IMF pre-
dicts much larger EMP survivors than observed (see Pa-
per I and Paper II for details). As shown in Figure 13,
however, the abundance distribution of [Ba/Fe] results
rather similar to the high-mass IMF cases. The top panel
shows the result of Model S with the same Mlo, Mhi and
ǫ⋆ as Model C.
We note that the event rate of SN under the low-mass
IMF is smaller by ∼ 1/5 than under the high-mass one
for the same SFE. Main differences of Model S from the
fiducial model are the smaller scatter of [Ba/Fe] and the
weaker decreasing trend of abundance for [Fe/H] & −1.
They are due to the lower frequency of SNe under the
low-mass IMF, and hence, to the slower progress of chem-
ical evolution. The predicted abundance distribution is
more similar to Model C01 with lower star-formation ef-
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ficiency since the SN rates result similar. The other dif-
ference in the trend at high metallicity of [Fe/H] & −1 is
due to the contribution from type Ia SNe, since the low-
mass IMF gives larger frequency of type Ia SNe relative
to type II SNe than the high-mass IMF.
Resultant total star formation rate for Model S is also
plotted in Figure 12. Due to the low SN rate, SFR is little
affected by the galactic outflow, and becomes higher than
Model C with high-mass IMF. The resultant SN rate in
Model S is similar to Model C01, while most of stellar
mass goes to low-mass stars, which results much more
numerous EMP survivors.
The bottom panel of Figure 13 shows the result of
Model S10, for which we setMhi and ǫ⋆ to give the same
P , YBa, YEu and SN rate as the fiducial Model C. The
predicted abundance distribution is almost same with
Model C. The only significant difference is low [Ba/Fe] at
[Fe/H] ∼ −3.5. At this metallicity range, the accretion of
ISM is dominant for the surface r-process element abun-
dance. The accretion rate in the low-mass IMF models is
smaller than in the fiducial model because of the binary
composition among low-mass survivors. In the fiducial
model, most EMP survivors are secondary companions
in binary systems. For the secondary stars, the accretion
rate is enhanced by the larger gravity of their primary
companions. In Model S10, however, most EMP sur-
vivors are single stars or primary stars in binaries.
In summary, the abundance distribution of EMP stars
indirectly depends on the IMF through the SN rate and
the number fraction of r-process source. In addition, the
contribution of the ISM accretion is dependent on the
IMF through the binaries.
4. OBSERVATIONAL CONSTRAINTS ON R-PROCESS
ELEMENT ENRICHMENT
4.1. Observational Data
We use the SAGA database, which compiles the abun-
dance data from the literature in which the abundances
of EMP stars ([Fe/H] ≤ −2.5) are measured by spec-
troscopy (Suda et al. 2008, 2011). Therefore, the SAGA
sample is strongly biased toward extremely metal-poor
stars. For [Fe/H] . −2.8, however, the sample can be
regarded as unbiased because their
We adopt the same sample criteria with Paper II. We
leave out carbon-enhanced stars with [C/Fe] > 0.7 since
their surface abundances are thought to be influenced by
binary mass transfer. Especially, many carbon-enhanced
stars show strong enhancement of s-process elements. We
plot only high-resolution (R ≥ 20000) sample in the fig-
ures. We use only giant samples since the detection limits
of Ba and Eu for main-sequence turnoff stars are much
higher than for giants.
In the SAGA database, 216 giant EMP stars are reg-
istered leaving aside carbon-enhanced stars. The low-
est abundance of the detected barium and europium are
[Ba/H] ∼ −5.5 and [Eu/H] ∼ −4, respectively, for giant
stars. It is thought that a significant number of stars
are below the detection limit of europium. On the other
hand, barium can be detected by high-resolution obser-
vations for most EMP giants as mentioned later.
The SAGA database compiles data from many liter-
atures. There can be systematic offsets of abundances
due to differences in analysis methods between the lit-
eratures. For r-process elements, however, the intrinsic
scatter is much larger than the systematic differences be-
tween the literatures. In Figure 4, 10, and following fig-
ures of [Fe/H] and [r/Fe] plane, we plot observed samples
by black symbols. Triangles(N) denote the sample of the
First Stars project (Hill 2002, and 13 other papers of the
series). Squares () denote the data of which the first
author of a source paper is W.Aoki (Aoki et al. 2002, and
15 other papers in the SAGA entry list). Inverted trian-
gle (H) shows the sample by Honda et al. (2004, 2007).
Other samples are plotted with crosses (+).
Recently, Andrievsky et al. (2009) present the deter-
minations of barium abundances taking into account
the non local-thermal-equilibrium (NLTE) effects. The
NLTE Ba abundances relative to Fe are slightly shifted
toward the solar ratio. The slope of decreasing trend as
metallicity decrease for [Fe/H] < −2.6 is slightly reduced
as the scatter. But the scatter remains quite large and
the global trend is similar to the SAGA sample.
4.2. Comparison with Observations
We make mock samples from the computation results
in order to compare with observations. Since the SAGA
sample is biased toward low metallicity and the MDF
of SAGA sample at [Fe/H] > −2.8 is almost flat. We
sample an equal number of stars from all the metallicity
bins with ∆[Fe/H] = 0.1 at [Fe/H] > −2.8. Then, we
convolve the predicted abundances with a Gaussian ob-
servational error of σ = 0.2dex. (For the color maps of
abundance distributions, the Gaussian error is not con-
volved.) In the following, we compare the stars with
very low r-process abundances ([Ba/H] < −5.5) of mock
samples. We give 90% confidence intervals by bootstrap
resampling and plot them as error bars in Figure 11.
4.3. Averaged Trend
We show the medians of [Ba/Fe] at two metallic-
ity ranges of −2.8 < [Fe/H] ≤ −2.3 and −3.3 <
[Fe/H] ≤ −2.8 in Figure 11 and summarize the difference,
∆[Ba/Fe]md, of them in Table 3. Median of predicted
abundance of [Ba/Fe] and [Eu/Fe] are similar or slightly
larger than observations in −2.8 < [Fe/H] ≤ −2.3 for all
cases. This is a natural consequence of having set the
r-process elements yields to give 〈[Ba/Fe]〉 = −0.1 and
〈[Eu/Fe]〉 = 0.6.
At higher metallicity, the predicted Ba abundance is
lower than the observations since contributions from the
s-process in intermediate massive stars are present in
most stars, as pointed out by previous studies (e.g. Bur-
ris et al. 2000). The median of [Eu/Fe] is also similar
to the observed value at [Fe/H] > −2.3 since the eu-
ropium abundance is dominated by r-process throughout
the metallicity range.
On average, [Ba/Fe] of observational sample shows a
trend decreasing as the metallicity decreases in −3.3 <
[Fe/H] < −2.3, and our fiducial model reproduces the
trend. For europium, the decreasing trend is obscured in
the observed sample because of a higher detection limit.
This decreasing trend strongly suggests that the domi-
nant site of r-process elements is at the low-mass end of
the SN mass range, as argued in some previous studies
(e.g. Mathews et al. 1992; Travaglio et al. 1999; Qian &
Wasserburg 2008). Models with low-mass r-process sites
predict a trend of decreasing [r/Fe] as [Fe/H] decreases
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due to long delay time to the first event to provide r-
process elements. The degree of the decreasing trend
depends on Mlo,Mhi and is consistent with the observa-
tions for P ∼ 3–10%.
4.4. Scatter
The distributions of both [Ba/Fe] and [Eu/Fe] of the
observed EMP stars show large scatter. In our models,
the predicted dispersion of [Eu/Fe] is identical to [Ba/Fe]
since we assume a constant ratio, [Eu/Ba], for the yield
of all SNe. The scatter depends on the number fraction,
P , of the r-process sources among SNe, as described in
Section 3.3.1. As seen in the middle panel of Fig. 11,
our hierarchical model in which the r-process elements
originate from a limited mass range of progenitor stars
with P ∼ 10–25% can reproduce the observed scatter at
the both metallicity ranges when we adopt the fiducial
SFE.
The abundance distributions also depend on the star-
formation efficiency (SFE), ǫ⋆, as mentioned in Sec-
tion 3.3.2.
In this paper, we assume that SN ejecta is mixed
instantaneously and homogeneously in its host proto-
galaxy, and when proto-galaxies merge, the element
abundances are instantaneously averaged. The scatter
of [r/Fe] may be larger if the chemical inhomogeneity
of proto-galaxies is taken into account. For most proto-
galaxies which birth EMP stars, however, the abundance
homogeneity is thought to be a good approximation since
their gas mass is comparable with typical masses of the
gas swept up by SNe (Machida et al. 2005).
4.5. R-II Stars
Among the 216 EMP giant stars in the SAGA sample,
there are 12 r-II stars and three stars with [Eu/Fe] >
1.5, which account for 5.6% and 1.4%, respectively. It is
known that iron abundance of r-II stars is concentrated
around [Fe/H] = −2.8 (Barklem et al. 2005).
Our fiducial model predicts that the number fraction,
frII, of r-II stars among EMP stars is 7.1%, and 1.3% of
EMP stars is [Eu/Fe] > 1.5. The 90% confidence interval
of expected numbers of r-II stars is 10− 22 in 216 stars.
These stars are formed in those low-mass proto-galaxies
which experienced ECSNe at lower metallicity by chance.
We also summarize the predicted frII and average
metallicity of r-II stars in Table 3. For models with
larger mass range, P > 10%, it becomes smaller be-
cause of smaller YBa, as seen for the bottom panel of
Figure 11. On the other hand, models with P . 10%
predict frII ∼ 7% or smaller. For example, Model C01
with P = 1% and a very large YBa gives frII = 4.2%. It is
because the r-process site is very rare for Model C01 and
takes place in more massive proto-galaxies than in the
fiducial model; large YBa increases frII but larger Mgas
decreases frII. The predicted fraction also depends on
the SFE as shown in Figure 11. The lower SFE models
predict the lower frII because abundance of host proto-
galaxies of EMP stars is averaged by merging at chemi-
cally earlier phase, as described in Section 3.3.2.
The number fraction of r-II stars is also dependent on
the explosion energy of a r-process source. Ejecta of
explosion with large energy go away from the host halo as
outflow. For small energy explosion, on the other hand,
the yield can stay in the proto-galaxy even when the
gas mass is very small and r-II stars are formed in such a
galaxy with small mass. Observed large frII may indicate
small explosion energy for r-process sources.
Median, [Fe/H]rII, of iron abundance of r-II stars is
[Fe/H] = −2.91+0.14−0.18 for the fiducial model. The chem-
ical abundance approaches to averaged value for higher
metallicity while the number of stars decreases for lower
metallicity. The predicted [Fe/H]rII is consistent with
the observed metallicity of r-II stars.
4.6. R-deficient EMP stars
Our fiducial model predicts that majority of stars with
[Fe/H] < −3 is no-r EMP stars, which are formed with-
out r-process elements. They are polluted with r-process
elements by the ISM accretion but some of them remain
with very low r-process abundances. The r-deficient
EMP survivors also contain some Pop. III survivors and
pre-enriched first stars which have undergone small ISM
accretion.
Among the 216 EMP giants in the SAGA sample, there
are 184 stars with barium detected by spectroscopic ob-
servations, and only the upper limit is given to four stars.
For the remaining 28 stars, there is no report about bar-
ium abundance.
Our fiducial model (Model C) predicts frdf =
9.5%(13−28 stars in the mock samples). The predicted
value of frdf is dependent on P and ǫ⋆, as shown in the
bottom panel of Figure 11. When P is small, there are
many proto-galaxies without r-process elements at the
early stages of the Galaxy formation, and frdf becomes
large.
The predicted value of frdf is dependent on the ac-
cretion rate of ISM in our model, too. As shown in
Figs. 9 and 8, in our fiducial model, most no-r EMP
stars become [Ba/H] > −5.5 by ISM accretion and only
stars which accrete small quantity of barium remain as
r-deficient EMP survivors. The small percentage of r-
deficient EMP stars indicates that there is a significant
contribution of surface pollution for most EMP survivors.
There is another scenario that some secondary r-
process site(s) with small yield of r-process element ex-
ists.
4.7. Mass-Dependent Yields
Argast et al. (2004) and Cescutti et al. (2006) proposed
mass-dependent yield of Ba and Eu based on chemical
evolution studies. For comparison, we compute our hi-
erarchical chemical evolution model by adopting their
r-process yields in Model SN2025 by Argast et al. (2004)
from SNe in the range between 20 and 25M⊙ and in
Model 1 of Cescutti et al. (2006) from SNe in the range
between 12 and 30M⊙, both decreasing for larger mass.
Figures 14 shows the results and the comparison with
the observations.
Both models predict shallower slopes of the decreas-
ing trend of [Ba/Fe] for lower metallicity in EMP stars
since they assume as r-process sources SNe with higher
mass progenitors than in our fiducial model. The scat-
ters are also significantly smaller than observed and in
our fiducial model (cf. Fig. 11). In particular, the yield
by Cescutti et al. (2006) predicts a smaller scatter be-
cause of larger P . The predicted numbers are smaller for
r-II stars than observed and the median of metallicity of
r-II stars results lower.
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Fig. 14.— The results with the r-process yields of Argast et al.
(2004, top panel) and Cescutti et al. (2006, bottom panel).
In conclusion, ∼ 10% (5–20%) of CCSNe at the low-
mass end of the SN mass range is a most plausible domi-
nant site of r-process elements. In our hierarchical model,
all the observational properties can be reproduced includ-
ing r-II and r-deficient EMP stars.
5. NEUTRON STAR MERGER SCENARIO
Neutron star (NS) merger has been proposed as a
plausible dominant source of the r-process elements
(Freiburghaus et al. 1999; Rosswog et al. 1999). The-
oretical studies on the nucleosynthesis argue that NS -
NS merger or NS - black hole merger can reproduce the
observed abundance patterns of r-process elements (e.g.
Wanajo & Janka 2012). On the other hand, Argast et al.
(2004) argued that NS merger is rejected as a dominant
r-process source from the viewpoint of chemical evolu-
tion.
We test the NS merger scenario for r-process elements
in our hierarchical chemical evolution model . Under
our fiducial assumptions of the IMF and binary parame-
ters, 11% of stars in the SN mass-range have secondary
companions that become neutron stars (9M⊙ < msec <
25M⊙). Among these massive star binaries, we set the
number fraction, pNSM, of those which form NS binaries
and coalesce to eject r-process elements as 10 – 100%.
Under these assumptions with the high mass IMF, the
event rate, RNSM, of NS merger becomes
RNSM = ψ
∫ 25
9
dm1
m1
ξ(m1)
∫ m1
9
dm2fbinn(m2/m1)pNSM
≃ 3.4× 103
(
ψ
M⊙yr−1
)
pNSMMyr
−1,
(13)
where fbin is a binary fraction and n(m2/m1) is the mass
ratio distribution of binaries. This event rate is about ten
times larger than the current Galactic event rate of NS
mergers, estimated at RNSM = 40-660Myr
−1 from the
pulsar observations (Kalogera et al. 2004) if we assume
ψ = 10M⊙yr
−1 and pNSM = 0.1, which may be ascribed
to the high mass IMF assumed. As shown in Sectin 3.3.3,
the formation rate of massive stars for the high-mass IMF
is ∼ 5 times larger than for the IMF of local universe,
and the number of NS binary is also larger. The number
fraction, P , of NS merge events per CCSNe, as defined
in eq. (12), is given by P = 0.125pNSM. The yield of r-
process element is set to give 〈[Eu/Fe]〉 = 0.6 as the same
with the case of the CCSN scenario. The adopted yields
are YBa = 5.72×10−5–5.72×10−6 for pNSM = 0.1 and 1.0,
respectively, comparable with the predicted yields by the
numerical studies (e.g. Wanajo & Janka 2012; Bauswein
et al. 2013).
The coalescence timescale for a NS binary is typically
estimated to be 108–109 yr (e.g. Fryer et al. 1999). Bel-
czynski et al. (2002) argue a much shorter timescale
of around 106 yr, from the consideration of common-
envelope evolution, however. In this study, we deal the
timescale, tc, as a free parameter and set tc = 10
6 - 108.
Explosion energy of the ejecta of the neutron star merger
is another free parameter. We set E = 1050 - 1051 erg ac-
cording to the numerical studies (e.g. Bauswein et al.
2013; Hotokezaka et al. 2013).
The parameters and results of models computed are
given in Tables 2 and 3, respectively. Figure 15 shows
and compares the predicted abundance with the obser-
vations for the models with the different assumptions on
the coalescent timescale, event rate, and explosion en-
ergy. Figure 16 shows the parameter dependences of the
results as in Figure 11.
Model NSN8 with tc = 10
8yr predicts that most EMP
stars have very low r-process element abundances even
after the surface pollution at variance with the observa-
tions. Because of the long time delay, the metallicities of
most proto-galaxies become [Fe/H] > −3 before the coa-
lescence of NS binaries and most EMP stars are formed
without r-process elements. Pollution rate by the ISM
accretion is also too small because r-process abundance
rises only after the host proto-galaxies merge for the ma-
jority of EMP stars. This model predicts much larger
fractions of r-deficient EMP stars at variance with the
observations, as seen from Fig. 16. For Model NSN6 with
tc = 10
6yr, on the contrary, NS mergers occur at lower
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Fig. 15.— Abundance distributions of [Ba/ Fe] predicted from the NS merger scenario. Top Left: Model NSM6 (tc = 106 yr and
pNSM = 100%.) Top Middle: Model NSM7 (tc = 10
7 yr and pNSM = 100%.) Top Right: Model NSM8 (tc = 10
8 yr and pNSM = 100%.)
Bottom Left: Model NSM7s (tc = 107 yr, pNSM = 100%, ǫ⋆ = 10
−11yr−1.) Bottom Middle:Model NSM7p10 (tc = 107 yr and pNSM = 10%.)
Bottom Right: Model NSM7e (tc = 107 yr, pNSM = 100%, ENSM = 10
51erg.) . Models assume ǫ⋆ = 10−10yr−1 and ENSM = 10
50erg
unless otherwise stated.
metallicity. There is a significant difference in the de-
creasing trend for the lowest metallicity range because
of the contribution of NS mergers of massive progen-
itors in shorter timescales; the median enrichment in
−3.3 < [Fe/H] ≤ −2.8 is [Ba/Fe]md = −0.29, much
larger than −0.46 of Model C, and also than observed.
A model with (tc, pNSM) = (10
7yr, 100%) predicts the
trend and scatter consistent with observations because of
the similar delay time and event rate of r-process source
to Model C. For the smaller event rate of pNSM = 0.1,
the models result in the smaller mean enrichment and
larger scatters of [r/Fe] abundances than observed for
EMP stars, because the number fraction P of r-process
sources is very small as compared iron-producing CC-
SNe and the r-process yield of a single event has to be
very large. For the larger event rate of pNSM = 100%, on
the other hand, the number fraction of r-process source
results in P = 12.5%, and the models behaves similarly
to the fiducial Model C.
Dependence on star formation efficiency is essentially
the same as described in Section 3.3.2. The smaller SFE
brings the smaller scatter of [Ba/Fe] and smaller de-
creasing trend around [Fe/H] ∼ −3, as seen from Model
NSM7s.
Model NSM7 assuming ENSM = 10
50erg predicts the
number fraction of r-II stars at frII = 6.9%, consistent
with the observation. On the other hand, Model NSM7e
with ENSM = 10
51erg predicts smaller number fraction
of r-II stars. This may be due to gas outflow by a NS
merger, since r-II stars are formed in mini-halos of small
gas masses. In the case of ENSM = 10
51erg, r-process
elements and gas in the host proto-galaxies are blown
away from mini-halos, while r-process elements remain
in proto-galaxies for smaller explosion energy.
As a conclusion, the NS merger scenario can be consis-
tent with the observed abundance distributions of heavy
r-process elements differently from Argast et al. (2004),
but constraints are imposed on the coalescence timescale
and the event rate of NS mergers in the early evolution-
ary stages of the Milky Way formation. It demands very
short coalescence timescales of tc ≃ 107 yr for most of
mergers. In addition, the event rate of NS mergers
has to be very large, ∼ 100 times larger than estimated
in the present-day Milky Way. Although a part of large
event rate may be explicable in terms of the IMF, the dif-
ferences in tc and pNSM are likely to originate from the
metallicity dependences of the common envelope evolu-
tion under the EMP circumstances.
6. SUMMARY AND CONCLUSIONS
In this paper, we have studied the chemical evolution
of r-process element abundance in the early universe in
the framework of hierarchical formation of the Galaxy as-
suming the CCSNe and NS mergers as possible r-process
sites. We investigate Ba and Eu abundance as represen-
tative of heavier r-process elements since the contribu-
tion of s-process is negligible not only for Eu but also for
Ba at [Fe/H] . −2.3. Our hierarchical chemical evolu-
tion model is based on the standard ΛCDM cosmology.
We follow the chemical evolution of ∼ 100, 000 proto-
galaxies, which are building blocks of the Galactic halo.
Each individual EMP star is registered in the computa-
tions with its mass, which is set randomly following the
IMF. One of the novelties of our model is to include the
surface pollution of EMP survivors through the gas ac-
cretion. Another is to consider the inhomogeneous pre-
enrichment of intergalactic medium (IGM) by the SN
driven wind from proto-galaxies. Our model can repro-
duce the distributions of r-process element abundances
observed for metal-poor stars as well as the metallicity
distribution function. We have made quantitative com-
parisons between the model results and the observations
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Fig. 16.— Same as Figure 11 but for neutron star merger sce-
nario.
for the median and scatter of r-process element abun-
dances, the number and metallicity of r-II stars, and
the percentage of r-deficient EMP stars. Based on the
comparisons, we have derived the constraints both on r-
process sites of CCSNe and NS mergers, necessary to re-
produce the observed characteristics of EMP stars. Main
conclusions are as follows.
1. The number fraction of the r-process sources should
be ∼ 10% of core-collapse supernovae (CCSNe)
producing iron in order to explain the observed dis-
tribution of r-process element abundances of EMP
survivors. The delay time in the enrichment of r-
process elements after the iron enrichment should
be a few tens of million years. The scenario as-
suming electron-capture supernovae (ECSNe) in
the lowest mass range of type II SNe as the r-
process sites satisfies these constraints. Our hier-
archical model adopting the ECSN scenario well
reproduces the observed large scatter among EMP
stars, the decreasing trend of median enrichment
for low metallicity, and the fractions of r-II and r-
deficient EMP stars. The NS merger scenario can
also reproduce the observed distributions in case
that most NS binaries coalesce in short timescale
of ∼ 107 yr and the events rate is much larger by
∼ 100 times than the currently observed Galactic
rate.
2. Our hierarchical model predicts the chemical evo-
lution tracks as follows: At first, the metallicity
increases from Z = 0 to −4 . [Fe/H] . −2.5
with [r/Fe] = −∞ by a PISN and/or an iron-core
collapse SN. The first ECSN in the proto-galaxies
cause jumps of barium abundance to −3.5 .
[Ba/H] . −2. Diversity in the mass of proto-
galaxies, the merging histories, and the mass of SN
progenitors yield large dispersion of [r/Fe]. As the
chemical evolution progresses and proto-galaxies
merge, the scatter of the abundance is reduced. At
[Fe/H] & −1.5, the scatter is smaller than the mea-
surement errors.
3. Majority of stars at [Fe/H] < −3 are formed with-
out r-process elements. Their surfaces are then pol-
luted with r-process elements through the accre-
tion of interstellar medium (ISM). For stars with
[Ba/H] < −3.5, the surface pollution plays a domi-
nant role as long as their surface abundance is con-
cerned.
4. Contribution from the pre-enrichment of proto-
galaxies is marginal for abundance distribution of
r-process elements. For the 10% of EMP survivors,
pre-enrichment is the dominant source of r-process
elements in their interior and their averaged abun-
dances are [Eu/H]i ∼ −3.6. However, their intrin-
sic abundance is obscured by the surface pollution.
In the forthcoming paper, we will discuss the relative
abundance of light and heavy r-process element, such
as [Sr/Ba]. We will evaluate the contribution of light
element primary process and importance of the surface
pollution on the distribution of [Sr/Ba].
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